Background: The secondary metabolites of cyclosporine A (CsA), AM19, AM1c and AM1c9, have been indicated to be nephrotoxic. The aim of the present pilot study was to investigate the relationship between acute renal failure and CsA metabolite levels, including relevant pharmacokinetic genotypes, following heart transplantation. Methods: Whole-blood samples were drawn the first posttransplant week in 22 patients (median 54 years, range from 27 to 65). Whole blood concentrations of CsA and its six main metabolites were analyzed with a validated HPLC-MS/MS method, and relevant CYP3A5 and ABCB1 genotypes determined. Renal function was monitored daily during the first posttransplant month and also at months 3, 6 and 12. Results: One patient died early posttransplant. Six patients were in need of dialysis directly after transplantation. Nine patients developed sustained impaired renal function, while six had stable renal function. Sustained renal impairment tended to be associated with high levels of toxic metabolites (P=0.08). Six of the patients with possible ABCB1 TTT-haplotype developed renal impairment (P=0.12).
INTRODUCTION
Renal failure following heart transplantation is a frequent complication and associated with impaired survival [1] . There are several risk factors but most of them are nonmodifiable [2] [3] [4] [5] [6] . Cyclosporine A (CsA) has a narrow therapeutic window and induce reduced renal function following each dose [7, 8] . The mechanisms of renal impairment following heart transplantation are not fully elucidated, but CsA is often mentioned as a risk factor [9] [10] [11] . Several clinical trials have shown encouraging results by lowering CsA concentrations [12] .
CsA undergoes extensive metabolism, primarily via CYP3A, to over 30 metabolites [13] [14] [15] and shows high variation [15, 16] . The general understanding is that CsA metabolites are less toxic than the parent drug [17] [18] [19] . However, secondary metabolites, AM19, AM1c and AM1c9, may be associated with nephrotoxicity [17, [20] [21] [22] [23] [24] . In vitro studies indicate that CYP3A5 expressers produce more AM19 and AM1c9 metabolites [15] , and they directly affect renal haemodynamics. In addition is AM1 and AM9 cytotoxic [17, 25] .
*Address correspondence to this author at the Department of Pharmaceutical Biosciences, School of Pharmacy, University of Oslo, P.O. Box. 1068, Blindern, 0316 Oslo, Norway; Tel: +47 22 85 65 59; Fax: +47 22 85 44 02; E-mail: anders.asberg@farmasi.uio.no P-glycoprotein (P-gp) is an efflux transporter coded by the ABCB1 gene that affects CsA pharmacokinetics [26, 27] . The TTT-haplotype of C1236T, G2677T and C3435T SNP's has been suggested to have impaired activity [28] , which may attenuate the efflux of compounds out of kidney cells and therefore be a risk factor for nephrotoxicity.
In the present pilot study in heart transplant recipients the association between CsA metabolite levels, and acute renal impairment were studied. Renal function was followed for one year and the effects of different genotypes were in addition examined.
MATERIAL AND METHODOLOGY

Patients
Twenty-two heart transplant recipients (11 men), median age of 54 years (range from 27 to 65 years), were enrolled consecutively in this single centre, pilot study. The patients received CsA, mycophenolate mofetil (MMF) and steroids as immunosuppressive therapy. Treatment was initiated with 100 mg CsA intravenously at transplantation, followed by oral twice daily dosing. C0 first month; 250 to 300 g/L and then tapered to between 60 to 120 g/L during the one year follow-up. All patients received 1.5 g twice daily MMF and steroids in accordance to the following protocol; intravenous methylprednisolone (500 mg) at the time of transplantation and three more doses (125 mg) followed by oral prednisolone (0.2 mg/kg) twice daily from the second day with tapering after two weeks. Basiliximab induction (first dose of 20 mg intravenous within 2 hours pretransplant and a second dose of 20 mg intravenous on the fourth posttransplant day) was used in two patients. Demographic baseline data are shown in Table 1 . The study was performed in accordance with the Declaration of Helsinki and all patients signed a written informed consent. The study was evaluated by the Regional Ethics Committee of Health Region South in Norway.
Study Design
Renal function was monitored daily (plasma creatinine) during the first posttransplant month and also at months 3, 6 and 12. Patients were divided in three groups based on renal function pattern during the first posttransplant month. Group A: patients with no, or only modest increase in plasma creatinine (i.e. < 30% increase from pretransplant level), group B: patients with sustained increase in plasma creatinine of > 30% from pretransplant levels but not in need of dialysis and group C: patients in need of dialysis after transplantation.
A blood sample was drawn during the first posttransplant week (median 4 days, range from 1 to 5) for the analysis of CsA and its six main metabolites as well as CYP3A5 (*3) and ABCB1 (G1199A, C1236T, G2677A/T, C3435T) genotypes. Blood sampling was performed at a median 2.5 hours (range from 1 to 25) following CsA administration.
Cyclosporine Analyses
Whole blood CsA and metabolite concentrations were analyzed with a validated HPLC-MS/MS method [29] . In brief, after protein precipitation with methanol and centrifugation, the supernatants were subjected to solid phase extraction using Oasis ® HLB cartridges. CsA and the six metabolites AM19, AM1c9, AM1, AM9, AM1c, AM4N were all separated chromatographically before MS/MS detection. The method has a linear range of 2.5 -3000 ng/mL for all analytes. Metabolite concentrations were expressed as a percent of CsA levels.
Genotyping
Genotyping was performed with previously reported polymerase chain reaction-restriction fragment length poly- 
Statistical Analyses
The statistical analyses were performed using Chi 2 / Mann-Whitney U Test/unpaired student t-test and KruskalWallis Test with P-values < 0.05 considered as significant. All statistical analyses were performed using SPSS version 14.0.
RESULTS
Patients
The patients included in this study were representative of the over all heart transplant population at our centre. One patient died six days following transplantation due to severe acute rejection, and was excluded from further analyses.
Baseline demographic parameters and relevant CYP3A5 and ABCB1 genotypes were not relevantly different between groups, with the exception of gender (Table 1) , with more females in group B developing renal impairment (P = 0.048). Four patients in group C and one patient in group A were treated with intravenous CsA at the time of sampling.
Renal Function
Six patients needed dialysis from the day of transplantation (group C). Six patients had stable renal function throughout the follow-up period (group A) while nine patients developed sustained renal impairment (group B). One of the patients in group B needed dialysis 15 days following transplantation and one died after 33 days. One patient in group C died after month 3, resulting in an overall patient survival of 86.4%. Six patients had mechanical circulatory support at transplantation. Seven patients experienced CMV infection and four patients received treatment for acute rejection episodes (three steroid resistant). One of the six patients in group A developed impaired renal function by one year. The renal function improved over the year to near pretransplant levels in four of the nine patients in group B and patients on dialysis were later able to stop renal replacement therapy.
Cyclosporine A
Weight adjusted CsA doses and whole blood concentrations were not significantly different between group A and B (P = 0.28, and P = 0.99, Table 1 ), neither were any of the six metabolites measured ( Table 2 , and Fig. 1) . Patients with impaired renal function (group B) showed a tendency of Fig. (1) . The level of metabolites expressed as percent of cyclosporine A for the three study groups: Group A: Stable renal function, Group B: impaired renal function and group C: patients requiring dialysis. P-value: unpaired t-test between group A and group B. higher metabolite formation (P > 0.08). Metabolite AM19 showed the greatest difference and were 164% higher than in group A (P = 0.14). The three patients with highest relative concentrations of secondary metabolites were all in group B.
The patients in need of dialysis (group C) tended to have higher metabolite concentrations compared to group A (P > 0.16).
CYP3A5 and ABCB1 Genotypes
No significant differences in CYP3A5 or ABCB1 genotype frequencies were present in this material ( Table 3) . Two of the five patients expressing functional CYP3A5 enzymes (CYP3A5*1) developed sustained renal impairment while one of the five patients showed stable renal function during the study period. With regards to P-gp functionality; six of the ten patients that expressed genotypes previously linked with impaired function (ABCB1 TTT-haplotypes) developed renal impairment, while three of the ten patients showed stable renal function. Patients with TTT-haplotype and renal impairment had lower AM19 and AM1c9 levels compared to non-TTT-haplotype patients with renal impairment, 37.7 ±38.0% vs 81.4 ±46.7% (P < 0.16) and 6.7 ±3.9% vs 14.9 ±9.5% (P < 0.08), respectively. No significant difference in metabolite formation was observed with regards to functional expression of CYP3A5, with exception of AM9 formation.
DISCUSSION
Recent trends in immunosuppressive treatment have been either to reduce or replace CsA. Previous studies have shown that secondary CsA metabolites (AM19, AM1c9 and AM1c) may be associated with renal impairment following transplantation [24] . An inverse correlation between renal function and AM19 levels has also been presented [33] . The present study also indicates an association between acute renal impairment following transplantation and CsA metabolic pattern. The question whether the increased formation of nephrotoxic metabolites is a result of impaired renal function or the reason for the nephrotoxicity can not be elucidated by the present study. Increased level of metabolites in dialysis patients indicates that these metabolites at least partly are affected by renal impairment. However, in vitro studies report that the metabolite AM19 and AM1c9 also may be responsible for nephrotoxicity [17] and that CYP3A5 produce more AM19 and AM1c9 [15] . The present study could however neither confirm nor reject this hypothesis, as only three of the fifteen non-dialysis patients expressed CYP3A5. The patient material was also too small to draw any conclusions regarding ABCB1 genotypes. However, six of the nine patients experiencing renal failure were TTT-haplotypes (P = 0.12), as compared to the previously reported frequency of approximately 0.4 [34] . In addition, the six patients with TTT-haplotype in group B all showed lower exposure of metabolites AM1 and AM1c9 (46.3% and 45.0%) compared to non-TTT-haplotypes. This indicates that impaired P-gp activity may induce higher sensitivity to CsA toxicity since intrarenal exposure may be higher. However, all four of the patients with acute rejections had also TTT-haplotype opposing the hypothesis of increased intracellular concentrations in these patients [35] .
The major limitation of the study is the small samplesize, but also the facts that blood samples were drawn at different times following last dose of CsA and that some patients received intravenous CsA introduces additional limitation.
CONCLUSION
The present pilot study indicates that heart transplant recipients who experience reduced renal function early posttransplant have an altered metabolic pattern of CsA. The primary metabolites AM1 and AM9 and their secondary metabolites AM19, AM1c9 and AM1c tended to be higher in patients with impaired renal function compared to patients with stable renal function. This study also indicates that reduced P-gp activity may augment CsA nephrotoxicity. Both CsA metabolic pattern and ABCB1 genotyping deserve further investigations to explore their potential as biomarkers for CsA induced nephrotoxicity.
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